Pioneer transcription factors are defined by their ability to bind nucleosome-occupied regions. Here, we discuss the properties of nucleosomes bound by pioneers at enhancer regions. We describe how select pioneers bind nucleosome-occupied or -depleted enhancer sites. Importantly, by revisiting and expanding existing data sets, we show differential H2A.Z and p300/CBP association at bound enhancers, highlighting two possible pioneering modes.
Introduction
During development, cell fate is driven by choices in gene expression programs, which are ultimately dictated by the activation of stage-specific enhancers. These decisions are well illustrated by the Waddington epigenetic landscape metaphor in which a marble is rolling down a hill with multiple slopes, representing cell fate, with the bottom representing terminally differentiated stages. 1 Critical to cell fate decision is the activation or repression of regulatory elements of the genome, including enhancers. The acquisition of new, tissue-specific enhancers is largely dependent on the binding of pioneer transcription factors (TFs) able to bind nucleosome-occupied regions (NORs), ultimately turning them into nucleosome-depleted regions (NDRs) via recruitment of chromatin remodelers. Several pioneer TFs have previously been described, 2, 3 including Forkhead as well as OSKM TFs that are able to bind nucleosomal DNA. 4, 5 For TFs capable of binding nucleosomal DNA, the question arises as to how stable these complexes are, and whether bound nucleosomes might be epigenetically marked, if at all. A clue to answer this question was previously reported in mouse embryonic stem cells (ES), whereby distal p300-and Oct4-bound sites were highly enriched in the histone variant H2A.Z. 6 This histone variant has been proposed as a transitional link between closed and open chromatin conformations. 7 The first genome-wide studies describing H2A.Z identified positioning of this variant at nucleosomes surrounding transcriptional start sites (TSSs); however, it was typically depleted at the ¡1 nucleosome. 8, 9 However, more recent developments have revealed that these early analyses might have missed potentially less stable nucleosomes associated to H2A.Z, due to technical limitations of the native ChIP of the then studies. The H2A.Z nucleosome was eventually reported to be associated with labile nucleosomes at promoters, when extracted with low salt concentrations, 10 although this procedure added more background to the data. Another work also suggested that H2A.Z nucleosomes protect shorter regions of DNA, 11 a phenomenon associated with lability for H2A.Bdb, another H2A variant. 12 Since then, a dedicated study using optical tweezers, measuring the number of unzipped base pairs as a function of increasing force applied to DNA/nucleosomal complexes containing canonical H2A or H2A.Z, clearly established that H2A. Z modulates the mobility of nucleosomes. 13 Therefore, since H2A.Z possibly hallmarks a transition between closed and open chromatin conformations, it might represent a preferential target for pioneer TFs. However, this question has remained so far essentially unexplored.
Two recent studies have shown that nucleosomes bound by pioneer TFs are differentially decorated with H2A.Z. 5, 6 On one hand, Oct4 binding is accompanied by the presence of H2A.Z, but FoxA2 binding is not, whereby only the flanking regions were marked by H2A.Z, not the binding site proper. This suggests two modes of action for pioneer TFs. However, these studies did not explicitly distinguish NORs and NDRs. These can be identified genome-wide by exploiting highthroughput sequencing data following micrococcal nuclease treatment (MNase-Seq), subsequently ranked by increasing nucleosomal signal at distal sites.
14 Using this type of analysis, we also recently showed that the Ets1 TF was able to bind both NORs and NDRs at two successive developmental stages of mouse T cells, with increased association to NDRs in CD4 CD8 double positive thymocytes (DP T-cells). 15 These observations suggested a degree of pioneering activity for Ets1. This result was in contrast with another Ets-type TF, Pu.1, known as a pioneer and which was only found associated with NDRs at enhancers using a similar analysis. 14 In light of other studies detailing H2A.Z levels at TF binding sites, 5, 6 the question remains open as to whether Ets1 binding sites harbor this histone variant. To estimate how widespread differences in H2A.Z occupancy might be among pioneer TFs, we review, revisit and expand published data that showed contrasting association of H2A.Z with bound nucleosomes at enhancers. Enticingly, recent works described that low or moderate MNase digestion allow the release of labile/unstable nucleosomes 5, 16 at both enhancers and promoters. This allowed us to show that TFs, including pioneer such as FoxA2 previously believed to be associated with NDRs in MNase-seq experiments, were indeed bound to NORs in conditions of low digestion with the enzyme. This result opens the possibility that TF-association with NORs, such as Ets1 or Pu.1, was previously underestimated in high digestion experimental conditions, in which mono-nucleosomes represent most of the analyzed fractions.
Results and discussion
To get further insights in whether pioneer, NOR-binding TFs display different properties, we compared Ets1 in DP T-cells, Oct4 in ES cells and FoxA2 and C/EBPa in hepatocytes for H2.AZ. We also examined CBP/ p300 histone acetyl transferase (HAT) recruitment, two highly related and partially redundant hallmarks of active enhancers. 17 As described, 15 Ets1 binds to both NORs and NDRs but we now found that the NOR-bound enhancers were more enriched for H2A. Z histone variant and localized at the Ets1 binding site (Fig. 1A, top) . Strikingly, a similar trend was observed for the Oct4 pioneer TF (Fig. 1A, bottom) in ES cells. 18 In none of those cases was H2A.Z found when those TFs were bound to apparent NDRs. This result suggests that H2A.Z is preferentially associated to Ets1/ Oct4 at these stages, whereby enhancers are still relatively closed and in the process of being remodeled. By discriminating NORs and NDRs, we are thus extending previous findings that H2A.Z is docked on CBP/p300 and TFs at enhancer regions.
We next compared these trends to those displayed by the liver-specific FoxA2 pioneer and C/EBPa TFs in mouse liver cells. For this, we also took advantage of published MNase-Seq data performed using low concentrations of MNase (MNase low). 5 In the classical, higher concentration MNase-Seq assay (MNase high), 60-80% of mono-nucleosomes are typically released as compared with the whole fraction. These conditions often represent a standard for many laboratories, the rationale being that the amounts of mono-nucleosomes should be optimized in the sequenced fraction. However, this will most likely result in the loss of nucleosomes that are first digested by MNase and lost in subnucleosomal fractions. As described in Iwafuchi-Doi et al., 5 high MNase-seq emphasizes FoxA2 as mainly bound to NDRs. In contrast, low MNase-seq clearly discriminates two types of FoxA2 sites bound to NORs or NDRs (Fig. 1B ). An attractive hypothesis is that NOR-bound sites represent labile/unstable nucleosomes that could hallmark enhancer binding by pioneer TFs. We performed the same analysis with the C/EBPa TF in hepatocytes 19 and found similar results. When examining H2A.Z levels at FoxA2 and C/EBPa sites, we also found more H2A.Z at NORbound sites but unlike for Ets1 and Oct4, only flanking nucleosomes were marked.
We also investigated whether NORs/NDRs behaved differently to recruit HAT activity at enhancers. At p300-or CBP-bound intergenic regions, the same NOR and NDR dichotomy could be evidenced with a prominent H2A.Z nucleosome at NORs in hepatocytes but was less pronounced in T cells (Fig. 1C and D) .
Co-localization of CBP and Ets1 was confirmed by the presence of CBP signal at distal Ets1 sites as compared with CBP sites (Fig. 1E, left) . Conversely, p300 signal at distal FoxA2 sites was very low as compared with p300 sites, indicating a low level of co-localization (Fig. 1E, right) . We also obtained comparable results while performing this analysis on C/EBPa sites (data not shown). Taken together, our results suggest that for certain TFs with pioneering activity, e.g., Ets1 and Oct4, contacted nucleosomes in distal NORs are enriched in H2A.Z and also docked on p300/CBP, while for others, such as FoxA2 and C/EBPa, these nucleosomes are neither enriched in H2A.Z nor in p300/CBP, with flanking nucleosomes enriched in H2A.Z. Finally, according to the analysis performed on members of the co-activator complex CBP/p300 itself, H2A.Z-marked nucleosomes bound in NORs were found to be essentially labile. These findings are modeled in Fig. 1F .
Taken together, our results suggest two classes of TFs with pioneering activity based on the presence of H2A.Z and p300/CBP with distinct modes of action for gene activation. Importantly, the presence of H2A.Z-marked nucleosomes at p300 sites, obtained via low concentration MNase-Seq, indicates that these are labile/unstable nucleosomes. Since this result was also observed with classical, "high," MNase-Seq in mESC, this suggests that H2A.Z nucleosomes can be either labile or stable. This is consistent with H2A.Z being associated with varying lengths of nucleosomal protection. 13 Other activators that are not required for maintenance of open chromatin, such as FoxA2, 20 might probe silent chromatin and increase its accessibility via recruitment of remodelers, without necessarily behaving as co-activators. This class of TFs may thus pass on this role to another class of TFs whose function is to activate basal transcription. For another class of TFs with pioneering activity, such as Ets1 and Oct4, nucleosome binding may be associated with enhancer activity as per the presence of p300/CBP in NORs. In the case of Ets1, we had previously observed that both NORs and NDRs were associated with enhancer activity. 15 Thus, the presence of a labile, H2A.Z-marked nucleosome at the binding site may not be an obstacle to, but may facilitate enhancer activity. These labile nucleosomes may well represent a transient state between silent and fully open chromatin. At any rate, these two classes of TFs with pioneering activity would constitute the basis for divergent mechanisms dedicated to the opening of chromatin. The identification of such mechanisms in other TFs would also strengthen this hypothesis. On this note, we highlight the fact that while aggregate profiles of nucleosome occupancy have revealed that most of TFs studied in the literature are associated with NDRs, 21 this may not entirely be the case in light of the type of analysis performed in this work. Further analysis of sequence content of bound NORs and NDRs (TF motifs, GC content) may also provide additional mechanistic insights; for example it was previously shown that TF-bound distal regions exhibiting higher nucleosome occupancy had higher GC content than NDRs, which may represent more thermodynamically stable complexes 14 and thus require facilitation of removal via the involvement of H2A.Z in nucleosomal complexes.
Material and methods

Chromatin immunoprecipitation
ChIP-Seq was essentially performed as described previously, 22 using 5 £ 10 6 cells and an Abcam Ab4174 anti-H2A.Z antibody. Sequencing was performed on a Genome Analyzer II (Illumina) according to manufacturer's instructions.
Data processing
For ChIP-Seq data produced in this work as well as for retrieved public data sets, reads were aligned to the mm9 genome via bowtie2 23 using -very-sensitive-local as a parameter. Peak detection and coverage track generation was performed via macs14 24 using -keep-dup D auto -w -S as parameters.
Identification of distal NORs and NDRs and average profile generation
Identification of distal NORs and NDRs and average profile generation were essentially performed as described previously. 15 Distal TF summits were first defined as outside § 5 kb of the transcription start site. MNase-Seq coverages were retrieved via Homer annotatePeaks 25 using -hist 10 -ghist -wig as parameters and subsequently ranked by decreasing read depth § 100 bp around TF summits. NOR and NDR classes were defined as the top and bottom 25% MNase signals § 100 bp of TF summits. Average profiles were plotted using Excel.
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